We compared in vitro transcription-initiated folding of the ribozyme from Bacillus subtilis RNase P to refolding from the full-length, denatured state by monitoring the appearance of its catalytic activity. At 37°C, Mg 2؉ -initiated refolding of the wild type and a circularly permutate ribozyme takes minutes and is limited by a kinetic trap. Transcription by T7 RNA polymerase alters the folding pathway of both RNAs and introduces new kinetic traps. Transcription by the core Escherichia coli RNA polymerase yields the same result, in spite of its 4-fold-slower elongation rate. However, the presence of its elongation factor NusA accelerates more than 10-fold the transcription-initiated folding of the circularly, permutated ribozyme by E. coli RNA polymerase. The effect of NusA likely is caused by its enhancement of transcriptional pausing because NusA did not accelerate transcriptioninitiated folding using a mutant RNA polymerase that failed to pause or respond to NusA during ribozyme synthesis. We conclude that both transcription and specific pausing therein can alter RNA-folding pathways.
Most studies of RNA and protein folding are carried out in vitro by using full-length, denatured molecules. Two relevant issues are whether the folding pathway is altered during biosynthesis and to what extent this change depends on the mechanistic details of the RNA polymerase or the ribosome. In the case of highly cooperative, single-domain proteins whose stability requires the presence of Ͼ90% of the chain, significant folding probably does not occur during synthesis. On the other hand, a multidomain protein can fold sequentially as a nascent polypeptide emerges from the ribosome (1) .
The RNA component of the B. subtilis RNase P (denoted P RNA), which generates the 5Ј end of all mature tRNAs in the cell through a site-specific endonucleolytic reaction (2, 3) , has been studied extensively in vitro as a model system for large ribozyme folding (4, 5) . We showed previously that upon addition of micromolar amounts of Mg 2ϩ , the full-length P RNA rapidly forms highly stable helices and hairpins. However, within seconds or less after the addition of millimolar amounts of Mg 2ϩ , a kinetic trap is created that requires a minutes-long structural reorganization to reach a catalytically active structure. The folding pathway of P RNA subsequently was demonstrated to be malleable and changed easily by circular permutation and altered initial conditions. Based on the results from both tRNA folding and the first structural transition of P RNA, we suggested previously that the time scale for the error-free RNA folding should be no more than a few seconds at 37°C if the kinetic traps observed in the Mg 2ϩ -initiated refolding can be avoided. Consistent with this hypothesis, refolding of the Tetrahymena group I ribozyme takes minutes in vitro, but is complete in less than 6 sec in vivo (6) (7) (8) , implying the existence of a cellular mechanism that changes the folding pathway of this group I ribozyme.
One obvious difference between cotranscriptional folding and Mg 2ϩ -induced refolding is that during extension of the RNA chain, upstream regions of RNA can fold before synthesis of downstream regions. RNA secondary structures form on a submillisecond time scale in vitro, and their formation during transcription may be limited by elongation rate of RNA polymerase (denoted RNAP) along the template. RNA has a propensity to become kinetically trapped because even a short hairpin can have a folding free energy of Ϫ10 kcal͞mol and is able to form as soon as RNA emerges from the elongating RNAP. Depending on the folding pathway, transcription can affect folding either positively, if sequestering upstream RNA makes it not available for kinetic trap formation, or negatively, if the stable secondary structure formed during transcription represents a nonnative intermediate that has to be disrupted before the active conformation forms. This model for cotranscriptional folding was invoked to explain folding defects of Escherichia coli ribosomal RNA during transcription by T7 RNAP (9) .
An alternative mechanism of influencing RNA folding during transcription can be envisioned to involve transcriptional pausing. The transcript elongation is known to occur at an uneven rate because RNAP pauses at specific sites along the template with elongation rate decreasing by as much as 10,000-fold (10) . Pausing at some sites in bacterial genome depends in part on interaction of a nascent RNA hairpin with the RNAP; this interaction appears to stabilize RNA hairpin and, thus, can facilitate the formation of structures critical for (or inhibiting) proper RNA folding. The dwell time of RNAP at these hairpin-dependent pause sites is enhanced strongly by the transcription elongation factor NusA and can be modulated by mutations in RNAP (11, 12) .
To compare cotranscriptional folding of a biologically important and highly structured ribozyme with its refolding in vitro, we have studied both the 409-nt P RNA and a circularly permutated construct that alters the order of RNA synthesis (CP RNA). We found that synthesis of either P or CP RNA by T7 or E. coli RNAP changed their folding pathways from those observed during Mg 2ϩ -initiated refolding. The presence of the E. coli NusA accelerated folding of CP RNA more than 10-fold when it was transcribed by the wild type but not a mutant E. coli RNAP that was deficient in pausing and NusA response. These results demonstrate that both the process of transcrip-
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MATERIALS AND METHODS
Sources of Proteins. The E. coli RNAP and NusA were isolated as described (13, 14) . Mutant RNA P [rpoB5101(P560S, T563I) in ref. 14] was purified as described by Hager et al. (15) . T7 RNAP was purified from an overexpression clone as described (16) .
Transcription in Vitro. Transcription was performed under standard conditions with minor modifications. The P RNA and CP RNA constructs under the control of T7 RNAP promoter have been described (17, 18) . The CP RNA template for E. coli RNAP was obtained by PCR. The PCR product contained the immediate 73 nt upstream of the native B. subtilis P RNA gene (19) followed by the 5Ј end of CP RNA and the precise 3Ј end for run-off transcription. Transcription using T7 RNAP was performed in 40 mM Tris⅐HCl, pH 8.1͞1 mM spermidine͞50 g/ml BSA͞2 mM each of ATP, GTP, CTP, and UTP͞5-10 Ci [␣-32 P]CTP͞14 mM MgCl 2 ͞60 g/ml plasmid DNA͞40 g/ml T7 RNAP. Transcription using E. coli RNAP was performed in 40 mM Tris⅐HCl, pH 7.9͞10 mM 2-mercaptoethanol͞4 mM spermidine͞1 mM each of ATP, GTP, CTP, and UTP͞100 g/ml BSA͞10 mM MgCl 2 ͞120 mM KCl͞0.05-0.1 M DNA template͞0.2 M RNAP holoenzyme͞0 or 0.4 M E. coli NusA protein. Transcription was carried out at 37°C for 8-10 min with removal of aliquots beginning at 20 sec.
To assay for transcriptional pausing, ternary complexes were formed as described (20) at 50 nM in transcription buffer (20 mM Tris⅐HCl͞20 mM NaCl͞14 mM MgCl 2 ͞14 mM 2-mercaptoethanol͞0.1 mM Na 2 EDTA) with 32 P derived from [␣-32 P]CTP (NEN; 3,000 Ci͞mmol). Halted complexes were formed with 150 nM GpC͞10 M CTP͞25 M ATP and GTP; omission of UTP allows stalling at A14 in the initial transcribed region of the CP RNA (GCGAGAAACCCAAA UUU). Elongation was resumed with addition of 20 M GTP͞150 M each of ATP, CTP, and UTP (Amersham Pharmacia)͞100 g heparin/ml. Samples were taken at the desired time points and mixed with the equal volume of 2ϫ stop solution, denatured for 2 min at 90°C, and electrophoresed through 9% denaturing gels [19:1 (wt͞wt) acrylamide to bis-acrylamide͞7 M urea] in 1ϫ TBE (44 mM Tris-borate, pH 8.3͞7.5 mM EDTA).
Folding Monitored by Catalytic Activity. Two parameters were needed to calculate the folding rate of RNA transcripts: the amount of synthesized transcript and the amount of catalytically active ribozyme. The fraction of [␣-32 P]CTP incorporated into the full-length RNA transcript was quantitated by phosphorimaging, and the amount of total P RNA synthesized, S(t), was calculated according to
where [CTP] is the total concentration of CTP in the transcription mixture and #C is the number of cytidine residues in the RNA. Nonlinear synthesis of RNA over time was observed in our transcription reactions. The nonlinear behavior may be explained with a product-inhibition model in which the RNA transcripts bind to the RNAP to inhibit initiation. Assuming that the RNAP concentration is greater than the DNA template concentration and the binding of RNAP to DNA and RNA is always at equilibrium, S(t) can be described by applying equilibria equations:
where k s is the synthesis rate (M min
Ϫ1
) and K is the association constant (M Ϫ1 ) of the RNA transcript to the RNAP in the transcription reaction. When 2 k s K t Ͻ Ͻ 1, Eq. 2 can be approximated as S(t) Ϸ k s t.
The amount of catalytically active ribozyme was determined in two ways, depending on the synthesis rate. When k s was greater than 0.02 M RNA͞min, the amount of the folded ribozyme was measured with a molar excess of substrate (i.e., [S] Ͼ E) as described (4). When k s was less than 0.01 M͞min, the amount of the folded ribozyme was obtained by measuring the cleavage rate under single-turnover conditions (i.e., [E] Ͼ Ͼ [S]), where the rate of cleavage was proportional to the amount of folded ribozyme. In both cases, aliquots of the transcription reaction (typically 4.5 l) were mixed with equal volumes of 32 P-labeled substrate under high ionic conditions that terminated transcriptional initiation as determined by the identical amount of transcript at the time of substrate addition and after 20 min of incubation (data not shown). The final condition was 50 mM Tris⅐HCl, pH 8.1͞100 mM MgCl 2 ͞0.6 M KCl for cleaving the pre-tRNA substrate and 50 mM Tris⅐HCl, pH 8.1͞100 mM MgCl 2 ͞0.06 M KCl͞1 mM spermine for cleaving the selected substrate. Aliquots (typically 2-3 l) were taken from the cleavage reaction within 7-21 sec and quenched with an excess of EDTA and urea, and the amount of cleaved substrate was quantified by phosphorimaging.
Knowing the amount of active ribozyme present, A(t), and the amount of RNA synthesized, S(t), is sufficient to deduce the folding rate of the nascent RNA transcript. A(t) equals the sum of the amount synthesized at earlier times, S(tЈ), multiplied by the fraction that subsequently has folded, 1 Ϫ e Ϫkf(tϪtЈ)
Ϫkf ͑tϪtЈ͒ ͔dtЈ,
where k f is the folding rate (s
) of the nascent RNA transcript. In the linear phase of synthesis [i.e., S(t) ϭ k s t], Eq. 3 has the solution
When the synthesis is nonlinear, the solution of Eq. 3 is an infinite series but is still well approximated by Eq. 4.
RESULTS
Folding During Transcription by T7 RNAP. The bacterial P RNA is composed of two independently folding domains (21, 22) (Fig. 1A) . One domain contains the entire active site (C domain, the catalytic domain of P RNA including nucleotides 240-409 ϩ 1-85), whereas the other domain binds the T stem loop in a pre-tRNA substrate to confer substrate specificity (S domain, the specificity domain of P RNA including nucleotides 86-239). Cleavage of a pre-tRNA substrate requires both domains, whereas the cleavage of an in vitro-selected substrate requires only the C domain (18) . In this study, we take advantage of these different cleavage specificities to identify folding intermediates in which the C domain, but not the S domain, is folded. Such an intermediate was not observed in the Mg 2ϩ -induced refolding of the wild-type P RNA, but was observed for CP RNA.
Folding of P RNA during its synthesis by T7 RNAP was analyzed by measuring the rate of forming RNA structures able to catalyze cleavage of a tRNA or the selected substrate (Fig. 2) . The synthesis rate of P RNA was nonlinear and increasingly slow as explained by RNA product inhibition (Eq. 2 in Materials and Methods). When assayed with a pre-tRNA substrate, folding of the nascent P RNA transcript during transcription was within a factor of 2 of the slow, Mg 2ϩ -initiated refolding rate (Fig. 2B and Table 1 ). Interestingly, the folding rate measured by cleavage of the selected substrate was Ϸ4-fold faster, indicating that the C domain folded before the S domain. Because both domains fold simultaneously in Mg 2ϩ -initiated refolding, P RNA folding during transcription is different: the C domain folds faster, even though the rate of obtaining the native structure is the same. The similarity in rate of native structure formation may be coincidental because the intermediates, and presumable the kinetic barriers, are substantially different for the two modes of folding initiation.
In our previous refolding studies, a circularly permutated P RNA with the 5Ј end at nucleotide 240 was observed to fold through two pathways (Fig. 1B) . When folding is initiated from low-Mg 2ϩ concentrations or temperatures below 37°C, the pathway is similar to that of the wild-type P RNA and folding is limited by a significant interdomain misfold. However, when folding of CP RNA begins from the Mg 2ϩ -free state at 37°C, an intermediate accumulates rapidly, which has only the C domain folded. The subsequent folding of the S domain occurs on the time scale of seconds (5) .
During transcription of a CP RNA template, the entire C domain (255 nt) is synthesized before the S domain (154 nt). In contrast, the wild-type P RNA is synthesized in the order of 5Ј C domain (87 nt), S domain, and then 3Ј C domain (168 nt) (Fig. 1 A) . The new synthesis order of the CP RNA might be expected to create a time window for the C domain to fold in a different way and promote rapid folding to the native structure. However, folding of the CP RNA during transcription by T7 RNAP still took minutes and was similar to that seen for the wild-type P RNA (Fig. 2C ). An intermediate with a folded C domain can accumulate during both Mg (Fig. 1 B and C) .
Effect of Pausing by E. coli RNAP on Folding of CP RNA. Transcription of E. coli genes by T7 RNAP in E. coli sometimes . This led us to ask whether synthesis of P RNA by a bacterial RNAP could promote its folding. We chose to examine transcriptioninitiated folding by using E. coli RNAP and only the CP RNA, which, for technical reasons, could be dissected in greater detail. We found that the folding pathway of CP RNA during synthesis with E. coli RNAP was similar to the pathway observed during synthesis with T7 RNAP (Fig. 1C and Table 1).
As suggested in the introduction, the folding pathway may be controlled by transcriptional pausing at specific sites, which is known to be modulated by elongation factors such as NusA in bacteria. To examine whether NusA-enhanced pausing could affect CP RNA folding, we tested the effect of NusA by using wild-type E. coli RNAP and an RNAP mutant known to strongly reduce hairpin-dependent pausing in vitro (14) . During single-round synthesis of CP RNA at limiting GTP (conditions that enhance pausing), wild-type RNAP paused at several sites, whereas the mutant RNAP recognized only a subset of these sites and completed CP RNA synthesis faster than the wild type ( Fig. 3 A and B) . At 1 mM NTP (conditions used in folding assays), however, mutant RNAP transcribed slightly slower than the wild-type enzyme (Fig. 3B) . Addition of NusA reduced the elongation rate of the wild-type RNAP by a factor of 2 and enhanced pausing at certain positions; the most dramatic effect was seen at position 225 of CP RNA (U55 of P RNA, mapping data not shown). Pausing at this position was detectable even at 1 mM NTP in the presence of NusA (data not shown). In contrast, NusA had little effect on the average elongation rate of the mutant RNAP (Fig. 3B ) and enhanced its pausing at CP RNA 225 much less than for the wild-type enzyme both at low GTP (Fig. 3A) or 1 mM NTP (data not shown).
Strikingly, NusA accelerated folding of CP RNA to the tRNA-cleavage-competent form 4-fold with wild-type RNAP, but not at all with the mutant RNAP that was defective in pausing and NusA response (Fig. 3C and Table 1 ). However, NusA had no effect on folding of the C domain as determined by cleavage of the selected substrate (Fig. 4 and Table 1 ). In fact, the NusA-stimulated folding rate was identical when assayed by either substrate, leading us to conclude that the S domain must fold fast enough to allow the C domain-folding rate of 0.02 s -1 to become rate-limiting. This requires that the S domain folds at Ͼ0.06 s Ϫ1 (Fig. 1D) , which is close to the rate observed during Mg 2ϩ -initiated refolding (Fig. 1B) and Ͼ10-fold-faster than the rate observed during transcription in the absence of NusA. To confirm that the NusA effect is not caused by the slowed elongation rate in the presence of NusA, CP RNA folding was examined at comparable elongation rates in the absence of NusA by reducing the NTP concentration from 1 to 0.25 mM and 0.06 mM (Fig. 3 B and C) . The folding rate remained unchanged at these low NTP concentrations. Hence, we conclude that NusA alters CP RNA folding through changes in pausing at one or more specific sites.
DISCUSSION
There are two major outcomes of this study. First, the transcription process itself changes P RNA folding though bypassing some kinetic traps and introducing new ones. Second, a component of the transcription elongation complex, NusA, significantly accelerates folding, apparently by stimulating pausing at certain sites during transcription by E. coli RNAP.
Transcription vs. Mg 2؉ -Initiated Refolding. Transcription by either E. coli or T7 RNAP, which differ significantly in transcription speed and recognition of pause signals (10, 25) , changes the folding pathways of the wild-type P RNA and CP RNA (Fig. 1C) . This change is consistent with our previous observation that tertiary RNA-folding pathways are highly malleable (5). The major difference between Mg 2ϩ -and transcription-initiated folding is the nature of the kinetic traps ( Fig. 1 B and C) . The major kinetic trap in the Mg 2ϩ -initiated refolding involves residues in both domains. The transcription process eliminates this major misfold and allows the C domain to fold before the S domain. However, the subsequent folding of the S domain is about 25-fold slower than for Mg 2ϩ -initiated refolding. Additionally, folding of the C domain during transcription is many times slower than that observed for Mg 2ϩ -initiated refolding. Hence, the transcription process generates misfolds different from that observed in Mg 2ϩ -initiated refolding.
The similar modulation of folding pathway during transcription by multisubunit bacterial as well as single, subunit phage RNAPs can be explained most easily by a passive model of cotranscriptional folding. By allowing the upstream regions of nascent RNA chain to fold while prohibiting long-range interactions with the yet-to-be-made downstream regions, RNA folding occurs along a different pathway with a separate set of intermediates and kinetic traps. Thus, cotranscriptional folding could lead to either overall acceleration or inhibition of the native tertiary structure formation.
NusA Effect on Folding During Transcription. An alternative, more direct modulation of RNA folding is exemplified by the effect of the E. coli elongation factor NusA, which accelerates transcription-initiated folding of CP RNA (Fig. 1D) . The large effect of NusA on folding kinetics can be explained either by its ability to reduce average transcription elongation (13) or by the preferential increase of the dwell time of RNAP at the specific template positions (14, (26) (27) (28) . Our data are most consistent with the second possibility. First, we observe no difference in folding behavior of CP RNA during transcription by E. coli or T7 RNAP in spite of the at least 4-fold difference in the elongation rate (Table 1) . Second, folding of CP RNA during transcription by E. coli RNAP is similar at 0.06, 0.25, and 1 mM NTP (Fig. 3C) , even though the elongation rate at 0.25 mM NTP matches that at 1 mM NTP plus NusA, conditions that greatly accelerate folding (Fig. 3B) . Third, transcription by a mutant RNAP deficient in pausing (Fig. 3A) , but transcribing at the same rate as the wild-type enzyme under conditions of folding assays (1 mM NTP, Fig.  3B ), reduces the rate of CP RNA folding by a factor of Ϸ2. Finally, folding of a double mutant of the CP RNA that eliminates the NusA-dependent pausing at the 225th nucleotide of CP RNA (asterisk, Fig. 3A ) without changing its predicted secondary structure no longer depends on NusA (unpublished results), indicating that pausing at this particular site may influence significantly the folding pathway. NusA binds elongation complexes with K a Ϸ 3 ϫ 10 binding to the loop and upstream part of the stem (34) . The mutant RNAP we used contains two mutations in the ␤-subunit (see Materials and Methods), but is unlikely to prevent NusA binding because NusA slightly enhanced pausing at position 225 in CP RNA by the mutant RNAP both at low GTP concentration used to detect pausing before the addition of G226 (asterisk, Fig. 3A ) and at 1 mM NTP (data not shown). This mutant RNAP probably is resistant to entering a pausesensitive mode of transcription and, thus, responds only weakly to this pause site even in the presence of NusA.
We propose that the combined effects of transcriptional pauses and the ability of transcriptional apparatus (either RNAP itself or one of the elongation factors) to stabilize RNA structures specifically at these pause sites influences folding of newly synthesized RNA molecules. Although more work will be required to understand these effects, one possible example of such a mechanism could be reflected by the NusAdependent S domain folding through pausing at P RNA U55 (CP RNA 225) or other sites. The NusA-dependent pause could delay RNAP long enough that the C domain assumes an altered conformation that no longer interacts with the S domain in a way that slows its folding (Fig. 1) . These effects of transcription and of the transcriptional machinery on RNA folding could be species-specific, because variations in the response of different bacterial RNA polymerases to pause signals have been observed (I.A. and R.L, unpublished results).
In conclusion, our findings establish that transcription in a simple in vitro system significantly changes the folding pathway of a large ribozyme even in the absence of elongation factors. Addition of just one elongation factor resulted in drastic changes in the folding pathway through the alteration of the pausing pattern. We expect that important insights into the mechanism of both RNA folding and transcription controls can be gained by discovering how transcriptional pausing at specific sites influences the folding pathway.
